F 1 hybrids of New Zealand black (NZB) and New Zealand white (NZW) mice are a model of human systemic lupus erythematosus. These mice develop a severe immune complex-mediated nephritis, in which antinuclear autoantibodies are believed to play the major role. We used a genetic analysis of (NZB ϫ NZW)F 1 ϫ NZW backcross mice to provide insight into whether different autoantibodies are subject to separate genetic influences and to determine which autoantibodies are most important in the development of lupus-like nephritis. The results showed one set of loci that coordinately regulated serum levels of IgG antibodies to double-stranded DNA, single-stranded DNA, total histones, and chromatin, which overlapped with loci that were linked to the production of autoantibodies to the viral glycoprotein, gp70. Loci linked with anti-gp70 compared with antinuclear antibodies demonstrated the strongest linkage with renal disease, suggesting that autoantibodies to gp70 are the major pathogenic antibodies in this model of lupus nephritis. Interestingly, a distal chromosome 4 locus, Nba1, was linked with nephritis but not with any of the autoantibodies measured, suggesting that it contributes to renal disease at a checkpoint distal to autoantibody production. (J. Clin. Invest. 1996. 98:1762-1772.)
Introduction
The F 1 hybrids of New Zealand black (NZB) 1 and New Zealand white (NZW) mice remain one of the best studied models of the human disease, SLE. These mice spontaneously develop an autoimmune disease characterized by the production of antinuclear antibodies and the development of a severe immune complex (IC) glomerulonephritis (1, 2) . The renal disease is dependent on the production of IgG autoantibodies. It is currently believed that the most important autoantibody specificity in the pathogenesis of this glomerulonephritis is directed to DNA, especially double-stranded DNA (dsDNA). Elevated levels of circulating anti-DNA antibodies frequently precede the development of nephritis (3, 4) , and a subset of antibodies with this specificity has been shown to be concentrated in the diseased glomerulus (5-7). Interestingly, circulating immune complexes containing anti-DNA antibodies have been difficult to demonstrate during the course of (NZB ϫ NZW)F 1 disease (8) . Studies have suggested that immune complexes containing anti-DNA antibodies are instead formed in the kidney, related to the deposition of chromatin and the targeting of IgG autoantibodies to the planted nuclear antigens (9, 10) . Antibodies to histones and other chromatin antigens may mediate immune complex formation in the kidney through a similar mechanism (10) (11) (12) . Cross-reactivity with glomerular antigens has been suggested as an additional mechanism by which a subset of anti-DNA antibodies may cause nephritis (13) (14) (15) .
Investigators also have emphasized the potential pathogenic importance of autoantibodies to the endogenous retroviral envelope glycoprotein, gp70, in the renal disease of (NZB ϫ NZW)F 1 mice (16, 17) . Serum gp70, synthesized by hepatic cells, is an acute phase reactant and is present in the serum of all murine strains (18) . Only lupus-prone strains, however, make autoantibodies to this self protein and form gp70-antigp70 immune complexes (gp70 IC) (19) . (NZB ϫ NZW)F 1 mice demonstrate high serum levels of gp70 IC, and these complexes have been documented in diseased glomeruli (16) . In some studies, levels of gp70 IC have been the best correlate of nephritis (19) . However, separate studies and multiple investigators have emphasized the greater pathogenicity of IgG anti-dsDNA antibodies (2) .
The (NZB ϫ NZW)F 1 mouse model has been utilized to investigate the NZB and NZW genes that predispose to the development of lupus-like autoimmunity. The phenotype of the F 1 mice is distinct from that of the two parental strains. For example, neither NZB nor NZW mice regularly develop severe renal disease, produce IgG autoantibodies to dsDNA or histone, or demonstrate high levels of circulating gp70 IC (19) (20) (21) . Previous analyses of backcross and congenic mice have demonstrated that an important dominant NZW genetic contribution to F 1 disease is linked to the MHC (H2 z in NZW) and most likely encoded by class II MHC genes (20) (21) (22) (23) (24) . In the presence of the NZW MHC, heterozygosity for the NZB MHC (H2 d ) genes also has been shown to enhance disease expression (22, 25, 26) . Using techniques based on length polymorphism in simple sequence repeats, we and others mapped a dominant NZB contribution to nephritis on distal chromosome 4 (26-28) . Additional genetic contributions to disease have been reported, mapping to loci on chromosomes 1, 6, 7, 10, 13, 18, and 19 (26, 27, 29) . However, only a subset of these loci (on chromosomes 1 and 7), have been linked with disease at currently accepted statistical thresholds. The identity of these non-MHC genes remains unknown. It is also unclear which of the genes enhance disease expression at the level of autoantibody production, and whether any genes influence different autoantibody specificities in a selective manner.
In the present backcross analysis, we investigated dominant NZB loci that are linked with lupus-like glomerulonephritis and/or the production of potentially pathogenic autoantibodies. Surprisingly, a nephritis-contributing gene on chromosome 4 demonstrated little influence on any of the autoantibodies measured. In contrast, other loci were mapped that differentially regulate the production of anti-gp70 versus antinuclear antibodies. Loci linked with the production of gp70 IC showed the greatest linkage with nephritis.
Methods
Mice. Parental NZB/BINJ and NZW/LacJ mice were obtained from The Jackson Laboratories (Bar Harbor, ME) and were maintained in the animal care facility at The National Jewish Center for Immunology and Respiratory Medicine (Denver, CO). The F 1 and backcross mice were bred in this facility, and all groups of mice used in the studies were housed in the same room and fed an identical diet. Only female animals were utilized in the present studies.
Evaluation of renal disease and collection of sera and tissues. Mice were evaluated for proteinuria at monthly intervals using tetrachlorophenol-tetrabromosulfophthalein paper (Chemstrip; Boehringer Mannheim Biochemicals, Indianapolis, IN). Urine samples were graded 0 to 3 ϩ , corresponding to approximate protein concentrations as follows: 0/trace Ͻ 0.3 gram/liter; 1 ϩ ‫ف‬ 0.3 gram/liter; 2 ϩ ‫ف‬ 1 gram/liter; 3 ϩ ‫ف‬ 3 gram/liter. Mice with 2 ϩ or greater proteinuria, on at least two consecutive occasions before 12 mo of age, were designated positive for renal disease. These mice almost always died before 12 months of age from disease as previously described (21, 28) . Mice that had only negative or trace determinations up to 12 mo of age were determined not to have developed lupus nephritis and were allocated a negative disease phenotype. The study mice were bled (from the tail) at monthly intervals from the age of either 5 or 7 months. The blood was allowed to clot at room temperature, and the serum was stored at Ϫ 20 Њ C until analyzed for autoantibody levels. Liver and kidney samples were collected from the positive mice at the time of killing or death and from negative mice at the time of elective death at 12 mo of age. The organ samples were frozen at Ϫ 70 Њ C, and DNA was extracted from freshly thawed material as described (30) .
Genetic mapping using simple sequence length polymorphisms (SSLP). Oligonucleotides flanking simple sequence repeats were either purchased (Research Genetics, Huntsville, AL) or synthesized at The National Jewish Molecular Resource Center using a DNA synthesizer (392; Applied Biosystems Inc., Foster City, CA). The sequences of the primers used have been described (31, 32) and/or can be found at the internet address: http://www-genome.wi.mit.edu/. Amplification of the simple sequence repeats was achieved by the PCR in a PTC-100 thermal cycler (MJ Research, Watertown, MA). PCRs (20 l) generally used 35 cycles of: 30 s at 94 Њ C, 1 min at 55 Њ C, 30 s at 72 Њ C. After amplification, 10-15 l of product was loaded onto a 15% polyacrylamide gel (MiniProtean II; Bio-Rad Laboratories, Richmond, CA) and electrophoresed at 12 V/cm for 2-4 h. The PCR products were visualized by ethidium bromide staining and ultraviolet transillumination (254 nm). The animals were then scored as either BW (heterozygous) or WW (homozygous) for each marker. The positions of the SSLP markers (and genetic loci) with respect to the centromere are given in accordance with the Mouse Chromosome Committee Reports (obtained from Dr. R. Williams via the Internet at http://www.mickey.utmem.edu).
Serological assays. Antibody levels were determined by ELISA. Antibodies to histone, chromatin and single-stranded DNA (ssDNA) were measured as previously described (21, 33) . Briefly, wells of Immulon II microtiter plates (Dynatech Laboratories, Alexandria, VA) were coated with calf thymus total histones, heat-denatured DNA (Sigma Chemical Co., St. Louis, MO) or chromatin (prepared as described, [34] ) at 2.5 g/ml in PBS, pH 7.2, and postcoated with 1 mg/ ml gelatin. Serum samples were diluted 1:300 in PBS with 0.5% Tween supplemented with 5 mg/ml bovine ␥ globulins (Sigma Chemical Co.) and gelatin, and added to antigen-coated wells for 90 min. After washing, wells were incubated with peroxidase-labeled antibody for mouse IgG (Kirkegaard & Perry, Gaithersburg, MD). After 90 min, substrate was added and OD was determined with an automated spectrophotometer (Dynatech Laboratories) at 405 nm. Antibodies to dsDNA were measured as described (35) . In brief, plasmid dsDNA (pGEM) was biotinylated and bound to streptavidin-coated microtiter plates. The assay was then performed as above. All samples were also assayed in streptavidin only wells as a control. Minimal cross-reactivity with ssDNA was demonstrated by assaying a ssDNAspecific mAb on each dsDNA plate (33, 36). Furthermore, NZW sera containing only IgG autoantibodies to ssDNA do not cross-react in this assay (21) . All assays were performed in duplicate, and were quantified against a standard curve obtained with mAbs (36) . It was demonstrated previously that there was no cross-reactivity between histone and dsDNA using these assays (21, 36) .
The production of autoantibodies to gp70 was quantitated as serum levels of gp70-anti-gp70 IC. These complexes were measured by ELISA after precipitation of the serum with polyethylene glycol (average mol wt 6,000) as described (37, 38) . The results are expressed as g/ml of gp70 complexed with anti-gp70 antibodies. Although gp70 is detectable in the serum of nearly all murine strains, only lupus-prone strains produce autoantibodies to gp70 and form gp70 IC (19) . It has previously been demonstrated that NZB, NZW, and (NZB ϫ NZW)F 1 have similarly high levels of circulating gp70, and that gp70 IC levels are therefore dependent on production of autoantibodies to gp70 (39) . The relative excess of gp70 antigen determines that circulating autoantibodies exist in the form of complexes.
Statistical analysis. The association of a particular locus (BW or WW) with renal disease (positive or negative) was quantified by Chisquare ( 2 ) analysis, using a standard (2 ϫ 2) contingency matrix (40) . Linkage with autoantibody levels was analyzed by several means. Firstly, mice were grouped into discrete sets on the basis of specific autoantibody levels and an analysis of extreme phenotypes was performed (41) . The extreme phenotype sets, designated low/negative and high/positive, were then compared to the genotype data by 2 analysis. Separate analyses were performed using antibody levels obtained from mice aged 7 mo and for the peak value determined from serial monthly samples for each individual animal. Linkage with autoantibodies was also sought by using uncategorized autoantibody data and the linkage program, MAPMAKER/QTL (42, 43) . This program was used to determine quantitative trait loci (QTL) in linkage with serum autoantibody levels. The autoantibody levels were log 10 transformed before analysis with MAPMAKER/QTL because this tended to normalize their frequency distribution, which improves the accuracy of MAPMAKER/QTL. Finally, in separate analyses, the mean values for a particular autoantibody were compared in mice homozygous (WW) versus heterozygous (BW) at particular candidate loci. The sample sizes were Ͼ 30 and hence the means were assumed to be normally distributed and confidence intervals determined using a two-tailed analysis.
Because of the multiple hypothesis testing that is inherent in a genome-wide search, a threshold for suggestive linkage was set at loglikelihood of the odds (LOD) Ͼ 1.9, P Ͻ 0.0034 ( 2 Ͼ 8.6, 1 degree of freedom [d.f.]), based on the recommendation of Lander and Kruglyak (44) . The threshold for probable linkage was LOD Ͼ 3.3, P Ͻ 0.0001 ( 2 Ͼ 10.8, 1 d.f.). Loci were also considered to be linked to a trait if a previously mapped locus ( P Ͻ 0.01) was confirmed in the present study (44) .
For the association of anti-dsDNA or gp70 IC with nephritis, autoantibody levels were categorized as low/negative, intermediate, or high/positive, and a (3 ϫ 2) contingency matrix was constructed using the three phenotype sets. Correlations between different autoantibody specificities were quantified using the nonparametric, Spearman rank correlation coefficient, r s .
Results

Identification of NZB and NZW loci linked with nephritis.
To determine the position of loci linked with the development of lupus-like nephritis and death, female (NZB ϫ NZW)F 1 ϫ NZW backcross mice were bred and followed for the expression of disease as described (28) . Animals that had clear evidence of renal disease ( Ն 2 ϩ proteinuria on two successive occasions before 12 mo of age) were scored "positive," whereas animals that had no evidence of proteinuria within this time period were allocated to the "negative" group. Nearly all animals with severe proteinuria also died before 12 mo of age, presumably from progressive nephritis and renal failure (21, 28) . Individual backcross mice were genotyped at multiple loci by PCR amplification of simple sequence repeats. These markers were predetermined to be polymorphic between NZB (designated BB) and NZW (designated WW) strains. (NZB ϫ NZW)F 1 ϫ NZW backcross mice are either heterozygous (designated BW) or homozygous (WW) at any given genetic locus.
Initial observations in 60 female (NZB ϫ NZW)F 1 ϫ NZW backcross mice, which had been genotyped at 74 loci, mapped a single dominant NZB locus that was linked with severe renal disease and death (28) . The locus was situated on distal chromosome 4, and the putative gene was designated Nba1. We have extended these data by including an additional 48 female backcross mice (total 108 mice) of which 60 mice (55%) exhibited severe lupus-like renal disease. In comparison with the previous study, the backcross mice were mapped with nine more microsatellite markers on chromosomes 1, 4, 13, 16, and 19; a total number of 83 markers were used.
When data from all 108 backcross mice were combined, a total of three loci on chromosome 4 at Nba1 , chromosome 16, and chromosome 17 at the MHC were found to be linked with renal disease (Table I) . Data from three additional loci, on chromosomes 7, 14, and 19, are shown in Table I because these loci were linked with autoantibody production (see below), with autoantibody production but not nephritis, and are shown to allow estimates of statistical power. Of the remaining 53 loci situated at least 10 cM from the loci listed above, the chi-square values were distributed as follows: 0-1, n ϭ 39; 1-2, n ϭ 5; 2-3, n ϭ 3; 3-4, n ϭ 3; and Ͼ 4, n ϭ 1. The locus with chi-square Ͼ 4 was D1Mit155 (1, 108), chi-square ϭ 5.4. ‡ The position of the markers is given as distance from the centromere in cM.
§ The additional microsatellite markers used in this study, in comparison with the previous study (28) , are D1Mit50 (1,52), D1Mit115 (1, 97), D1Mit115 (1,108), D4Mit72 (4,62), D4Mit179 (4,69), D4Mit343 (4,76), D7Mit125 (7, 50) , D13Mit73 (13, 53) , D16Mit57 (16, 14) , D19Mit28 (19, 12) , D19Mit13 (19,33), and DXMit16 (X,42).
but associations with nephritis were not significant at the P Ͻ 0.0034 level. Of the nephritis-relevant loci, the previously described site on chromosome 4, Nba1, (28) remained significant, with the strongest linkage between Elp1 (62 cM [centiMorgans] from the centromere) and D4Mit48 (72 cM). Although a decline in the strength of the linkage was found with a more distal marker on chromosome 4, (D4Mit343 [76 cM]), the inclusion of additional mice did not allow more accurate localization of Nba1. Of the loci mapped, the strongest overall correlation with nephritis was demonstrated at the MHC. Mice which were heterozygous (BW) at the MHC (H2 d/z ) were more likely (P ϭ 0.0001) to develop severe nephritis than those mice which were homozygous (WW) at the MHC (H2 z/z ). This result was noteworthy because it was previously shown that the NZW MHC was a potent, dominant contribution to disease in (NZB x NZW)F 1 ϫ NZB backcross mice (20, 21, 23, 24 ).
An NZW locus on chromosome 16 showed weaker linkage with nephritis compared to the loci described above. The strongest linkage (P ϭ 0.0031) was with D16Mit5 (32 cM distal from the centromere). Of 53 loci that were at least 10 cM from the markers significantly linked with nephritis, only two showed a trend for an association with nephritis (0.05 Ͼ P Ͼ 0.01): one was an NZB allele on distal chromosome 1, 108 cM from the centromere, and the other was an NZW allele on chromosome 14, 22 cM from the centromere.
Analysis of autoantibody phenotypes. Autoantibody production was also investigated in 98 (NZB ϫ NZW)F 1 ϫ NZW backcross mice. We focused on autoantibodies that have been previously implicated in the pathogenesis of nephritis, including IgG autoantibodies to dsDNA, histone, chromatin and ss-DNA and autoantibodies to gp70 in the form of gp70 IC (2, 17, 21, 22) . It should be emphasized that since NZB, NZW, F 1 , and backcross mice have similar serum levels of gp70, the level of gp70-anti-gp70 IC reflects the production of IgG autoantibodies to gp70 (39) . For each mouse, two values for each serological parameter were utilized for the analysis of genetic associations. Serum levels of autoantibodies at 7 mo of age were chosen because the great majority of female (NZB ϫ NZW)F 1 mice have elevated levels of antinuclear antibodies and gp70 IC by this age, whereas parental NZB or NZW mice are usually serologically negative at this age (1, 19, 21, 45) . The second value used in the genetic analyses was the highest autoantibody level for a particular mouse found in serial monthly samples up to 12 mo of age. Fig. 1 shows that there was a wide spread of autoantibody levels among backcross animals at 7 mo of age. Mice were classified as low/negative or high-positive for each of the autoantibody specificities measured. It is emphasized that this was done without prior knowledge of the genotype. In general, for each autoantibody measured there was a group of mice ‫ف(‬ lower tertile) which had very low or undetectable circulating levels of autoantibody. These are delineated in Fig. 1 by data points below the lower horizontal bar. Autoantibody levels in these backcross mice were similar to values for parental agematched female NZW mice (Fig. 1) . The upper cut-offs were chosen nearest to the upper tertile for two reasons: firstly, so that a similar number of mice were included in the high phenotype group for all the autoantibodies measured; and secondly, so that values for the high/positive group of backcross mice corresponded to autoantibody levels in female (NZB ϫ NZW)F 1 controls. A similar method was used when considering peak autoantibody levels (data not shown).
To ascertain whether there were distinct genetic contributions to the production of different autoantibodies specificities, correlations between the different autoantibody levels were determined. A strong correlation was apparent for antihistone antibody levels and anti-dsDNA antibody levels (Spearman rank correlation coefficient, r s ϭ 0.62, P Ͻ 1 ϫ 10
Ϫ6
). Similar results (r s ‫ف‬ 0.6 to 0.7) were obtained when antichromatin antibodies were compared to anti-dsDNA and antihistone antibodies. In contrast, the correlation was weaker (r s ϭ 0.47, P Ͻ 1 ϫ 10
) for IgG anti-ssDNA versus IgG anti- dsDNA antibodies, mostly related to a group of mice with high levels of anti-ssDNA antibodies but low levels of anti-dsDNA antibodies. These data are certainly consistent with previous studies showing that NZW mice may produce anti-ssDNA antibodies, but almost none produce autoantibodies to dsDNA (21) . Finally, when anti-gp70 IC concentrations were plotted against anti-dsDNA levels the correlation was much weaker (r s ϭ 0.28, P ϭ 0.007), suggesting the possibility that different genetic loci influence their production.
Identification of loci linked with autoantibody production. Linkage between genotype and autoantibody phenotype, as determined by extreme phenotype analysis, are shown in mice at 7 mo of age ( ; LOD ϭ 4.02, P ϭ 1.6 ϫ 10 Ϫ5 for peak values). Interestingly, there was no statistically significant influence of MHC type on the production of antinuclear autoantibodies, analyzing either 7 mo (Table II) or peak values (Table III) . It is possible that a type II error was made so that a weak association may have been missed. However, the strength of this genetic contribution to anti-gp70 production far outweighs any influence that the MHC might have on antinuclear autoantibody production. This is of particular interest in view of the linkage between heterozygosity at the MHC and the development of nephritis (Table I) .
Non-MHC loci were also found to have linkage with autoantibody production, particularly with the levels of antinuclear autoantibodies. The two loci with the strongest linkage were on chromosome 7 (at 52 cM from the centromere) and on chromosome 16 (at 32 cM from the centromere). The former was due to the influence of an NZB allele, whereas the latter was the effect of homozygous NZW alleles. Linkage was independent of whether 7 mo data (Tables II A and III A) or peak serological data (Tables II B and III B) were studied and were present (at least as a strong trend) for all the different antinuclear antibody specificities measured. Although statistical significance was not reached, these two loci may have a minor influence on anti-gp70 production. The same locus on chromosome 16 was also found to be linked with nephritis and the bias was in the same direction, namely NZW homozygosity (see Table I ). The NZB allele on chromosome 7 may have a weak influence on nephritis too, but the P value for this locus was below the significance cut-off. There was also an NZW locus on chromosome 14 (22 cM from the centromere) that showed suggestive linkage with anti-gp70 production ( 2 ϭ 8.74, P ϭ 3 ϫ 10
Ϫ3
; LOD ϭ 2.02, P ϭ 2.3 ϫ 10 Ϫ3 for peak antibody levels). As shown in Table I , this locus showed a trend for linkage with nephritis (P ϭ 0.035). Importantly, this chromosome 14 locus had no apparent influence on antinuclear antibody production. An additional non-MHC locus (BW Ͼ WW) on chromosome 19 (38 cM from the centromere), was linked with anti- nuclear autoantibody production, but not with nephritis. In general, the different antinuclear specificities were subject to the same genetic influences. However, it was noted that the chromosome 19 locus had the strongest linkage with IgG antissDNA antibody production (Table III B) . To further illustrate the selective effect of particular loci on autoantibody production, anti-dsDNA and gp70 IC levels for all the mice were plotted on the basis of whether they were BW or WW at the linked chromosome 7, chromosome 14, or MHC loci (Fig. 2) . For the chromosome 7 locus, the mean level of anti-dsDNA antibody activity in WW mice was 0.91Ϯ0.24 SEM U/ml compared with 2.85Ϯ0.80 SEM U/ml in BW mice (Fig. 2 a) . The means were compared using the central limit theorem and were significantly different (P ϭ 0.01). When gp70 IC concentrations were studied (Fig. 2 d) , a small but not significant effect of the chromosome 7 locus was identified (BW ϭ 3.55Ϯ0.74 U/ml, WW ϭ 2.15Ϯ0.58 U/ml, P ϭ 0.07). The powerful influence of the MHC on gp70 IC production (Fig. 2 f) was again corroborated (BW ϭ 4.23Ϯ0.77 g/ml, WW ϭ 1.18Ϯ0.35 g/ml, P ϭ 2 ϫ 10
Ϫ4
). In contrast, no influence of MHC type on anti-dsDNA production was identified (Fig. 2 c) . Similar to MHC, the chromosome 14 locus also showed a significant influence on gp70 IC but not anti-dsDNA antibodies, which was reflected in the mean levels (Fig. 2, b  and e) .
The effect of chromosome 4 on autoantibody production. It was striking that the NZB locus on distal chromosome 4, which was confirmed to have linkage with nephritis (Table I) , had little or no apparent influence on autoantibody production. There was a weak association of the most distal marker (distal to Nba1) studied on chromosome 4 (D4Mit343, 76 cM) with gp70 IC for mice aged 7 mo (Table II A), but this was not present when peak values were studied (Table II B) or by QTL analysis (Table III) . Furthermore, no linkage with any locus on distal chromosome 4 was found with any type of antinuclear autoantibody production. A comparison of mean levels in mice heterozygous versus homozygous at Elp1 also showed no differences in anti-dsDNA or anti-gp70 antibody levels (for BW vs WW mice, mean levels of anti-dsDNA ϭ 1.60Ϯ0.36 vs 1.92Ϯ0.58, and gp70 IC ϭ 2.83Ϯ0.60 vs 2.16Ϯ0.69, respectively). Together, these results suggest that the mechanism by which the chromosome 4 NZB allele enhances nephritis is mediated at a level separate from autoantibody production.
Association of nephritis with anti-gp70 versus anti-dsDNA autoantibodies. The results of these genetic analyses suggested that the loci that influenced anti-gp70 production had a stronger link with the development of nephritis compared with loci that were associated with antinuclear antibody production. The association of nephritis with serum anti-gp70 versus anti-dsDNA autoantibodies is shown in Table IV and in Fig. 2 above (diseased vs disease-free mice are shown as solid versus open symbols, respectively). There was a definite bias toward higher circulating anti-dsDNA antibodies occurring in nephritic mice, which did not reach statistical significance. In contrast, the association of high gp70 IC with nephritis was highly significant. The same conclusion was reached when these autoantibody data were analyzed as a continuous variable.
Discussion
Autoantibodies play a major role in the pathogenesis of lupus nephritis in (NZB ϫ NZW)F 1 mice. The aim of the current study was to investigate genetic loci linked with the development of renal disease in (NZB ϫ NZW)F 1 ϫ NZW backcross mice and to compare these disease-associated loci with those that control the production of potentially pathogenic autoantibodies. Previous analyses of NZB recombinant inbred strains have shown that certain NZB autoimmune traits are inherited independently (46, 47) , but our results are the first to map loci that are differentially linked with separate autoantibody specificities in (NZB ϫ NZW)F 1 mice. Because of this selective genetic control, the data also point to particular autoantibody specificities that are most important in the pathogenesis of renal disease. Finally, we have demonstrated that the locus, Nba1, on chromosome 4 is likely to exert its effect at an etiologic checkpoint distal to autoantibody production. MHC type was confirmed to have the strongest linkage with renal disease, and the strongest genetic influence on gp70 IC levels. H2 d/z backcross mice had a significantly higher frequency of severe proteinuria and death, as well as markedly higher levels of gp70 IC compared with H2 z/z mice. In contrast to the effect on gp70 autoantibodies, heterozygosity at the MHC appeared to have little influence on the production of any of the antinuclear antibodies measured. Although a weak effect of MHC composition on antinuclear antibodies cannot be discounted, if present at all, it would be substantially weaker than the association of the MHC and anti-gp70 levels. Other investigators have previously demonstrated the importance of the NZB H2 d haplotype, in the context of H2 z from the NZW, on both disease and autoantibody production (22, 23, 25, 26, 48) . The H2 d/z haplotype has been associated with autoantibodies to dsDNA (25) , and gp70 IC (22, 23, 48) , and more recently shown to be in linkage with antichromatin antibodies (26). In contrast, we found no linkage of H2 d/z with any of the antinuclear antibodies measured. It is possible that stronger linkage with the anti-gp70 response, compared with the antinuclear response, would have been found in the previous linkage study, but anti-gp70 was not measured concurrently. In this regard, it is of interest that in one earlier study of backcross mice, H2 d/z (versus H2 z/z ) was more strongly associated with anti-gp70 compared with anti-dsDNA antibodies (48) . The difference in results compared to the previous linkage study (26) may also reflect the action of background genes since linkage was previously found in an NZB/NZW F 2 intercross. In contrast with a backcross, an F 2 intercross is subject to the influence of recessive NZW and NZB alleles. It is also theoretically possible that discrepancies reflect the nature of the antigen used in assaying for antinuclear autoantibodies. It is noteworthy that antibodies to dsDNA, ssDNA, total histones, and chromatin were all measured in the present study and none appeared to be influenced by MHC type, whereas antibody analyses were more limited in previous studies.
It is of interest that past studies of MHC contributions to murine lupus have not been able to demonstrate a selective influence on particular autoantibody specificities (22, 25). Similar findings have also been reported in other spontaneous autoimmune models such as the nonobese diabetic (NOD) model of type 1 diabetes mellitus. Thus, the NOD I-A molecule appears to be important for the control of autoimmune responses, but studies thus far have not demonstrated a selective effect on particular relevant specificities (49) . Furthermore, the introduction of I-E molecules in murine lupus or NOD mice also has resulted in a generalized decrease in autoimmunity rather than selective changes in specific responses (50) (51) (52) (53) .
The mechanism by which MHC heterozygosity influences the anti-gp70 autoimmune response is unknown. Since CD4 (27) . Interestingly, in this study no linkage between the MHC and anti-dsDNA production was observed. In a separate backcross analysis, H2 v appeared to be equivalent to H2 d in the effect on disease expression (29) . Our results showing that H2 composition has an antigen-specific association with autoantibodies suggests that selective peptide presentation may be involved. It seems reasonable to propose that this involves peptides of the major serum gp70 glycoprotein, which has been sequenced recently (56) .
One non-MHC locus on chromosome 14 (22 cM from the centromere) had suggestive linkage (Tables II B and III B) with elevated levels of gp70 IC but showed no influence on any of the antinuclear antibodies measured. The specificity of the linkage suggests that the chromosome 14 locus (which is NZW recessive in the backcross studied) acts in an antigen-specific fashion. An interesting candidate locus in this region is the T cell receptor ␣-chain (Tcra) complex, situated on chromosome 14, ‫ف‬ 19 cM from the centromere. The Tcra locus was previously examined in (NZB ϫ NZW)F 1 ϫ NZB backcross mice (21) ; no linkage with disease was identified, but gp70 IC levels were not studied. The possibility of gene interaction between the MHC and Tcra with anti-gp70 production was examined with MAPMAKER/QTL. The LOD score obtained using a two-QTL model (LOD ϭ 4.84) was below the sum of the indi- vidual Tcra and MHC loci (⌺LOD ϭ 5.34 in Table III B) , a result compatible with epistasis (43) . It should be noted that mice in the current backcross analysis carried either one or two NZW TCR complexes. Compared with the NZB TCRA complex, the NZW complex is polymorphic at multiple TCRAV gene segments (57) . It is also possible that the NZB complex is critically involved in a T cell response that decreases disease expression.
Several non-MHC loci were linked with elevated levels of antinuclear antibodies out of proportion to an effect on gp70 IC levels. Loci on chromosomes 7 and 16 appeared to influence both anti-DNA and antihistone antibody production, which is consistent with the hypothesis that these two specificities are controlled in a similar fashion. Previous studies have noted that antibodies to DNA and histone increase coordinately in (NZB ϫ NZW)F 1 mice with age (21, 45) . Furthermore, it has been proposed that a T cell response to a histone or other chromatin-derived peptide underlies the autoantibody response to both histone and DNA (58) . Two loci with the strongest linkage with antinuclear antibody levels were an NZB locus on chromosome 7 (52 cM from the centromere) and an NZW locus on chromosome 16 (32cM from the centromere). A similarly positioned locus on chromosome 7 has been mapped as a disease susceptibility locus in a separate backcross study (29) , and proximal loci on the same chromosome have been identified by others (26, 27) .
The relative role of anti-gp70 versus anti-DNA autoantibodies in the pathogenesis of lupus nephritis in (NZB ϫ NZW)F 1 mice remains controversial (2, 19, 22, 25, 39, 48) . The results from our current genetic analysis strongly support an important role for autoantibodies to gp70. Thus, MHC type showed the strongest linkage with the development of severe renal disease, and this locus demonstrated a strong influence on gp70 IC but not anti-dsDNA antibodies. One other locus (on chromosome 14) also appeared to selectively affect levels of anti-gp70 autoantibodies. Although its linkage with nephritis was below our statistical cutoff, a trend (P Ͻ 0.05) was apparent. We cannot exclude the possibility that these loci also control a small but highly pathogenic subset of anti-DNA antibodies or other autoantibody specificity, but we believe that this is unlikely. Despite a powerful influence on anti-dsDNA and antihistone autoantibody production, loci on chromosomes 7 and 16 showed lesser influences on disease expression and gp70 IC levels. The above genetic analyses prompted us to directly investigate the association of serum levels of antidsDNA versus anti-gp70 autoantibodies with the development of renal disease, and only gp70 IC showed a highly significant association. There was a trend for higher serum anti-dsDNA antibody levels in diseased mice, but this did not reach statistical significance (Table IV) .
These data do not preclude a role for anti-dsDNA antibodies in the pathogenesis of lupus nephritis. Firstly, it is possible that a small pathogenic subset of the antibodies are primarily responsible for the organ damage (13, 15) and that these were missed in our assays of serum autoantibody levels. Secondly, the dominant pathogenic autoantibody system (ANA or antigp70) may vary depending on the genetic background of the particular murine model of lupus studied. This may account for inconsistent results as regards the role of gp70 in previous studies. Furthermore, our previous analysis of (NZB ϫ SM/ J)F 1 ϫ NZW backcross mice showed possible disease-associated genes on chromosomes 7 and 19 (29) . Studies are in progress to determine whether these genetic contributions to disease expression can be explained at the level of anti-DNA antibody production.
Interestingly, the NZB locus on chromosome 4, Nba1, which has been confirmed to be linked with renal disease in this model (26-29), had a negligible influence on autoantibody production. No linkage was identified with antinuclear antibody specificities measured. A weak correlation between gp70 IC and the most distal marker on chromosome 4 (76 cM) analyzed, was identified when 7 mo serological data were studied. This is unlikely to account for the disease linkage because the influence of Nba1 on gp70 IC was not seen when peak gp70 IC levels were analyzed, or when a QTL analysis was performed, and the gp70 IC linkage was more distal than that with disease. As discussed above, we cannot exclude the possibility that Nba1 affects the production of an unknown pathogenic autoantibody specificity or a small subset of pathogenic autoantibodies, perhaps involving a particular Ig subclass(es) (59) . However, the data suggest that Nba1 operates at a level distal to autoantibody production in the pathogenesis of lupus nephritis. Important contributions could affect the deposition or in situ formation of immune complexes in the glomeruli, influence the inflammatory response to glomerular immune complexes, or affect the kidney's sensitivity to the inflammatory processs. With respect to the chromosome 4 interval containing the disease-associated locus, a relevant example is the gene encoding the complement component, C1q (60) , which could modulate immune complex formation or the local inflammatory response.
It should be emphasized that this study was not designed to be another mapping analysis of genetic contributions in murine lupus. Rather, we attempted to use mapping data in relation to subphenotypes to provide information about the mechanisms of disease. Together, our findings provide important new insight into the genetic control of lupus renal disease and into the immunopathogenesis of this disease. Although autoantibodies to gp70 are unlikely to play a major role in human lupus nephritis, our results emphasize the potential pathogenic importance of autoantibody specificities in addition to those directed to dsDNA.
